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A (Ii s cussion o f c f)o r Ls di i'ec tell toward the fol I ow i ng goal Is pre-

sented in, this final 'report: incorporati on of ferric oxide calalysis

in to the l ILipile-fil a,,e combsLi on model (i) (2). To reach Lii.s goal.

one lmust start wi ii experimental resul ts t.o deteruine (I) whici variables
ari .g., differences . 0 spec ific surface and I evel

etc.. and: (2)-what functional dependencies exist, among the variables,

e.g.. burn rate, Fe. 0. specific surface and level. ammonium perchlorate

pa-ticle size distrilit- Otis and pressure. By utilizing resu ts of the

'basic comhst ion studies and experience with solid catalysts in the

eliemical procc--s industries, one can make an a priori seJecti on of' the

most probahle significant variables.

lIstl ,s ilt" amion til1) perchlorate (MIP) - hi idei' sandwiclh combust i on

s tudli -s (3) iuidicaLe dlha bun: rate catalysts dispersed in the binder,

as they ,are iii. practical propel Iati t formula i ~ons. promote combust Li at

the lbnder inter"' --e, An increase In AI-bi ndcm' inLer-face should.

therefore, bring moe- of 4,he dispersed catalyst into this inerrfacia]

area and ill so doiig prov'Ade moe ca Layst pari cles to promobe chemical

reac ti on.

Although tiherinodynamic calculations indical .e tihat ferric oxide

cawladys,,s are eventually eonverl, ed Lo chlo1'ides. their role may sLi 1

parallel iiat of' lo eromgeOous catalysts in ordinary chemical reactions.

The parLicle of' Fie205 at Cli All-hi udr in terface may enter tie -as phase

Im ixi ng anld reati (; zone as i'uidized particles and enhance seleeL, chem-

icaJ processes in Li s inltel'facial region )y providi rg il active sulface

01) which Iiese i)ro(.0ses can lproceed. 'The extent of' act,ive catalyt ic

surface per unit, weight of catalyst in this region must obviously be a

'unction of tihe specific surface of tie FeO selected as catalyst.

.1/ Rl-4889
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The logic and significance of an AP-Fe 0 surface area-to-surface

area dependence seemed incontestible. And as no quantitative correlation

between Fe.0 O- specific surface and extent of AP-binder interface had been

established, the first phase of this modeling effort was directed toward

obtaining such a correlation. The "curve-fits" to experimental data and

pertinent outcomes calculated from these fits are described in the first

three sections of this report. The fourth section contains a first look

at use of these correlations in incorporating Fe203 catalysis into the

.'ultiple-Flare Combustion Model. The final section contains recommenda-

tions for additional work.

'
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EXIIEIINTAI. IIACKGiOIAND FOl COIRlEIATION

The experience of Rlocke tdyne and other solid propellant producers

was to be used to correlate FeO.. anid AP surface areas and pressure and

burn rate. Unfortunately reports by others contained no indication of

what specific oxides had been -tv,!d in their burn rate studi -s. Hence

the experimental background used in this correlation analyzis has beeni

limi ted to that available from Rocketdyne efforts.

GNENIA L PIIOI'ELIANT COMPOSITI ONS

For the analyses, data obtained from hydroxy-termi na ted poiybutadiene

(lTImB )-based prepelIants and carboxy-termina Led polybutadiene (CTPB)-based

propellants having the general compositions shown in Table I and 2, re-

spectively were used.

'IABLE ]

COMPOSITION OF IITPII PROPELLANTS

USED FOR COIEIATION ANALYSJS

Ingredient, wt Controls Catalyzed

ilTIB Binder ji.6 11.6
Po lyamine/Elpoxi (1 13011(1 Ji g 0.10. 0. *""
Agent

Ajmionium Perchlorate 78.0 77.6-76.0

Aluminum (5P -) 10.0 10.0
Ferric Oxide 0 O.Ij-2.O

Considered as binder

Note that in formulating tie catalyzed propelants, Fe 20 replaced

oxidizer--a l'ormulation change that results in a lowered oxidizer/fuel I
ratio, which in turn probably resul ts in a lower non-catalyzed burn rate

3/ -889 4
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,* { value. The significance of this m:o'le of catalyst addition was not con-

sidered in analyzing the burn rate datc.

TABLE 2

COMPOSITI ON OF CTPB PIOPELLANTS

USED FO1 CORdELATION .NALYSIS

Ingredient, wL t Controls Catalyzed

CTPB Binder 141.0 14.0

Ammonium Perchlo rate 81.0 80.0-80.9

Aluminum (5-P) 5.0 5.0

Ferric Oxide 0 0.1-1.0

Oxidizer particle size distributions used in the propellants wvere

bimodal and trimoda] blends selected from the following sizes to provide

a range of AP specific surfaces:

Nominal I Volume
Specific Surface, Surface )iameter,

Nominal Diameter, 4. cni/gm . d w  P

h00 (As-received) 71,  i6

200 (As-received) 197 156

7--1 (Ground) 6,225 5.02

10 (Ground) 11,000 2.8

The IITPB propellants contained 10-P AP along with a coarse AP fraction

of ei ter 200-1 only, h00-p only, or a 200-I4OO-p blend. The CTPB

propel lants contained 20041 '- U only, WI Lb a ground NP fraction of either

7'-11 u or !0 P.

4/R48
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IF1R!(C OXIDE CHAIRACTEMISTICS

Ferric oxides used in the propellants had specific suriaces ranging

from 3 to 26.4 in 2-/gn. These oxides had been prepared by precipitation,

by calcination of yellow iron oxide, or by calcination of ferrous sulfate.

Because method of preparation affects surface characteristics, such varia-

tions will appear as error in the correlations. The specific oxides used

and their characteristics are given in Table 5.

TALBLE 3

CHlArtACTErlSTICS OF FERRIC OXIDES

Specific
Density,* Surface,*

Method of Preparation gm/cm m2 /gm

• Calcination of Yellow Iron Oxide 4.46 26.4

Calcination of Yellow Iron Oxide 4.95 10.0

Precipi tation /.90 9.4,

Precipi ta t on 4.90 3.7

Calcination of Ferrous Sulfate 5.15 9.2

Calcination of Ferrous Sulfate 5.18 8. 4

Calcination of Ferrous Sulfate 5.15 5.1

Calcination of Ferrous Sulfate 5.18 3.9

Calcination of Ferrous Sulfate 5.15 3.0

Values from suppliers

SPECIFIC PROPULLANTS

Four WTPB control formulations having AP specific surfaces of 15053,

2690, 4030, and 5257 cmgm and four CTPB control formulations having AP

specific surfaces of 1515, 2391i, 3200, and 5599 cm2/gm provided the no-

catalyst burn rate data.

5/ R-4839
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Seventeen catalyzed IITPB formulations having Fe20 levels ranging

from 0.4 to 2.0% and AP specific surfaces ranging from 1520 to 5395 cm/

gim and 16 catalyzed CTPB formulations having Fe2 0. levels ranging from
2O

0.1 to ].0I and AP specific surfaces ranging from 1517 to 5599 cm-g m

provided the catalyzed burn rate data.

All burn rate data were from 1-pound motors fired at 77 F; a total

of 295 motor firings. Motor data rather than strand data were chosen for

this correlation, since the only generally reliable index of catalytic

activity is performance under use conditions.

6/ 1-4 889
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CORREIATI ON: DATA-FIT

Multiple linear regression analysis is the only dependable method

for assessing the combined effects of more than one independent variable

on an outcome-.-in this case burn rate (4). The end result of such an

analysis is a "data-fit" equation containing the dep-ndent variable and

the significant independent variables in their most likely forms. Al-

thouigh this equation is empirical, it provides an orderly summarization

of a mass of experimental data that, at first glance, may have appeared

to be a chaos of meaningless numbers. To carry out such an analysis,

standarJ computer library proazrams are ordinarily used.

To summarize the available burn rate data as a function of both

pressure and compositional variations--AP particle size distribution

and Fe2O specific surface and level--reciprocal forms were used ;or

burn rate and for all the selected independent variable inputs. le-

ciprocals were chosen because they have some basis in theory (5) and

should, therefore, yield a reasonable "data-summary" equation.

CATALYST PARAIMIETIM

The catalyst input used in the analysis and shown below approxi-

mates the ferric oxide surface area available per square centimeter of

b inder interface:

wl crc

where

W - Fe.0 (wt %)
Sc  Specific Surface of Fe,203 (01-/gm)

V - Volume of Binder (cm))

7/ 11-4889
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Correlations of this parameter and burn rate when pressure and l

specific surface are fixed are given in Tables 4, 5, and 6. For these

correlations, burn rate at 700 psia was selected arbitrarily.

Clearly, a host of relationships between burn rate and the catalyst

parameter B are possible, particularly when the non-catalyzed case i,

separated from the catalyze; coses. For the correlations estauliohed

here, this separation of cascs was essential as reciprocal forms of de-

pendent variables containing B would result in division by zero when no

Fe0- was used.

For preliminary analysis of the IITPB propellant burn rate data (6)

the following reciprocal relationship was used for correlat-ion:

1
r B

Subsequent experience has shown that a better correlation can be obtained

using the reciprocal relationship

r

This later relationship has been used in the correlations presented herein.

DA'I-SU\MMARY I UATI ONS

Ruations resulting from a multiple linear regression analysis of

the burn rate, pressure and composition data from the non-catalyzed IITPB

and CTPB propellants are presented below:

I. For the IITPB propellants

A _ 3.033723 + 854.0151(1/P-l.50216 x 10-3 )
r

8/ --4889
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-3081,.2(-L -. 4.65331, x 10-5 )
IfF-

f

+822.9014i _L 12 8]5 10-4,
frf P x .8M1

-0.45841603 7 - 1.794503)

I2

-1.70834 10x 38.~

:146279.3 (I/P2 - 2.7646 x 1O)

2. For the CTPB propellants

-- 2.579003 + 1206.071 [1/p -1.399522 x 10-3]

+226.96(, - 7.04,5329 x 10

D

+1.008258 (- -- 1.66956)

2-0.2096639 ) 317

D -2
-1.087067 x 10-  -22.01i

IV p

12/ 11-4889
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-1.71O622 x 105 (1/I" -2.47862 x 10-6)

where

r - burn rate (in./sec)

P - pressure (psi)

Df - d of ground AP (microns)

D - d of coarse AP or coarse AP blend (nicrons)

I - 0.01 (wt % ground AP) - weight fraction ground AP

I - 0.01 (wt % coarse Al' or coarse AP blend) - weight
c fraction coarse AP

Analysis of similar data obtained from the ferric oxide-catalyzed
1 I'TPB and CTPB propellants yielded:

1. For the JITPB Propellants

-I = 1.886515 + 129.8563 (i/P -1.30291 x 10- 3 )
r

D 2
+6.869025 ( -L -2.23281 x 10)

+32.87617 (B -7.974412 x 10-

1) I

1711.51517 (- -9.797102 x0 )
IV P-
c4

-4.01712 x 10.5  -3166.25

-0.07631 36  -4. 18339

D
.0.6513969 ( f -1.782078)

13/ R-4889
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2. For the CTPB Propellants,

.114487 + 262.6208 [1p-1.408446 x 103]

Df
+28.3664 D -2.052102 x 10-

Df

-2728.462 (- -A.08683 x 10-5)

D
+42.69885 ( c -1.063127 x 10-3 )9

if p-
C

+-23.17975 (n-TBp -8.492483 x 10-

-3.509124 x 10-  ( -1619.158

2

-0.1771886 3.1421

D

-0.2901932 ( -1.566283)

D

.2.089561 x 10-2 ( C-- -38.78719)

c57,90 -0-1347106)~
5.79005k\K1/3) T1n(BP)7

14/ Rt-4889
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Comparison of calculated and observed burn rates along with perti-

nent compositional variables are presented in Appendix A. Pictorial com-
parisons of some of the data-fit results are also shown in Fig. 1, 2, 3,

and 4. Clearly these fits are good; and from a percentage difference

standpoint, they are, indeed, quite good.

0.6

0.5

-0.4

: } ~ ~~< 0 3 / .- /

z
OLCA-8910-1. 10% 10-/9 AP
'OLCA-8911Y-2 37% 10-/. AP

=4 - CALCULATED

0 00 400 600 800 1000 1500 2000
PRESSURE, PSIA

Figure 1. Comparison of Burn Rate vs Pressure Calculated
from Multiple Linear Regression Analyeis with
Experimental Data (IITPB Propellants/No Fe20 3)

In the HITPB propellant cases, the greatest differences between cal-

culated and experimental burn rates were 3.69% (no catalyst) and 12.641

(Fe2 0 catalysis). Analysis of these same IITPB propellant data reported

earlier by the principal investigator (6) did not provide nearly so good

a data fit, i.e., the greatest difference between calculated and experi-

mental burn rates were 5.67% (no catalyst) and 17.57% (Fe2O0 catalysis).

15/ R-4889
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(; In this earlier, less accurate analysis AP specific surface rather than
a fine AP-conise AP component breakdown was used and, as noted earlier,
a direct proportionality between r and BP rather than a logarithmic pro-
portionality between r and ln(BP) was used when a catalyst was added to

the fo.mulation. Two standard errors of estimate about the mean 1/r
values of these new IITPB data fits are: for the no-catalyzed fit, 2.99%,
and for the catalyst fit, 5.96%.

1.5

1.0

-L" 0.8-_
-0.7

06-

0.5I,-.

+ 0.4
CO Fe2 3 AP

0.3 W- 7 LCA-8904Y-2 1/2% (26.4 M2/GM) 27% 10/2
G LCA-8908Y-3 1% (9,4 M2/GM) 10% 10/2
El LCA-8911Z-4 2% (3 M2/GM) 37% 10/2

CALCULATED
0.2

200 400 600 800 1000 1500 2000 3000
PRESSURE, PSIA

Figure 2. Comparison of Bur!) Rate vs Pressure Calculatedfrom Multiple Linear Regression Analysis withExperimental Data (IITPB Propellants/Fe203)

In the CTPB propellant cases, the greatest differences between cal-
culated and experimental burn rate values were 3.79% (no catalyst) and

7.98% (Fer0 catalysis). Two standard errors of estimate about the I
mean l/r values of these data fits are: for the no-catalyst case, 2.74%,

and for the catalyst fit, 6.66%.
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Figure 3. Comparison of' Burn Rate vs Pressure Calculated

from Multiple Linear Regression Analysis with
&lperimn ta] Data (CTP3 Propel Ian ts/No Fe~,.)
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Figure )I. Comparisoni of Burn Rate vs Pressure Calculated

from Multiple Linear Regression Analysis with
-,perimental Data (CT1PB Propellants/oFe2 0)
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( Although these correlations are very good, there is a basic under-

lying weakness in them: They are based on data that are not wholly

random. A consequence of this lack of randomness is discussed in a

later section of this report.

IITPB BONDING AGIT EFFFXTS

The IITPB propellants contained a polyamine epoxide bonding agent

that liberates ammonia during mixing. The net results of this amine-Al

reaction could be amine perchlorates at the AP-binder interface. To

determine whether the presence of such perchlorates at the interface

might nullify the analysis fo- IITPB propellants, a propellant that was

identical to one of those included in the correlation except for the

bonding agent was prepared and motor burn rate data were obtained at

77 F. &-perimental burn rates and rates calculated from the data-summary

equation for both propellants, along with the direction and magnitude of

the differences between calculated and experimental rates, are shown in

Table 7.

IABLE 7

COMPARISON OF CALCULATED AND XPERIMENTAL BURN RATES

OF IITPB PROPELLANTS CONTAINING DIFFErENT BONDING AGENTS

Pressure, Burn Rate at 77 F, in./sec

Formulation psia &-perimei tal Calculated Difference,

I.cA-8906-l 1649 0.847 0.799 - 5.67
(Conltains 493 0.508 0.488 - 3.94
Polyami ne/Ep)oxi de 876 0.640 o.627 2.03
Bondi ng Agen t--Used 2911 0.394, 0.370 - 6.09
to Obtain Data Fit 1426 0.783 0.757 - 3.32
Equa0ion) 956 o.681 0.649 - 4.70

607 0.550 0.537 - 2.36

LCA-8906Y-3 784 0.617 0.599 - 2.92

(Contains Acyl 1682 0.866 0.805 - 7.04
Aziridine Bonding 24416 ..061 0.921 -13.20
Agent--Not Used to 1392 0.787 0.750 - 4.70
Obtain Data Fit 1250 0.747 0.720 - 3.61
Equation) 691 0.585 0.568 - 2.91

18/ R-,889
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Note that the calculated values for the mix with acyl aziridine

bonding agent (LCA-8906Y-3) were, for all practical purposes, as good as

could be expected from this data-fit equation. A good indication that

bonding agent differences, which are minor from an overall composition

standpoint but major from an interface composition standpoint, will not

invalidate conclusions gleaned from the ItTPB propellant analysis.
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CORRELATION: DISCUSSION AND CONCLUSIONS

y I Fe0- SbWIFACE ARFA VS LEVEL

Experimental data such as those in Fig. 5, which show that Fe203

level can be traded for Fe203 specific surface, are the most obvious2
outcome expected from the data-summary equations. Hence, this outcome

is presented first as Fig. 6 and 7. On these figures compositional 'I
variations that yield a burn rate of 0.5 in./sec are circled to point up

the significance of a correlation analysis. In the absence of a reliable ,

combustion mode, correlations such as those obtained in the previous i

section provide reliable estimates of a propellant's burn rate-vs-pressure

behavior, provided these estimates are interpolations.

1.5

L1.0 I
.0.8 '

,. 0.6 , I"

G LCA-8911Z-4 - 2% Fe203 (3 M2/GM)
AP SPECIFIC SURFACE 5393 CM2/GM

"0.4
z iALCA-8911-1 - 0.8% Fe203 (8.4 M2 1GM)

AP SPECIFIC SURFACE = 5311 CM2 /GM

FORMULATIONS INCLUDED IN ANALYSIS

0.2 I I I I III I 
200 400 600 800 1000 2000 4000

PRESSURE, PSIA

Figure 5. Effect of Low Level Fe203 with Htigh Specific Surface
and Jigh Level Fe203 with Low Specific Surface
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0.8 I

U( Fe2O3 LEVEL AND
- SPECIFIC SURFACE

0.7 0.2% (26.4 M /GM)

00.5

~0.5

1.2 1.6 2.0 2,4 2.8 3.2 3.6 4.0 4.4
AP SURFACE AREA/GM PROPELLANT,CM X 0

Figure 6. Burn Rates of 86% Solids CTPB Propellants Containing
(]) No Fe 0~ and (2) 0.2% Fe 0 -

20.7 0. 2% Fe2O3

26. M2/

< -&

~0.31
14 18 22 26 30 34 38 42

GROUND AP, WNT %

Figure 7. Burn Rates of 86% Solids CTP3 Propellants Containing
0.2% FeoO 3 as Function of Ground AP Size and Level
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The well known fact that Fe.0 level affects burn rate will not be
( discussed here. lowever. it has not been ignored completely; i.e., the

effect of Fe20 specific surface is depicted at Fe20 levels of 0.2 and

COAISE All ETFECTS IN IITPB PROPELLANT

The equations representing the behavior of the iITPB propellants

presented in the previous section of this report, as noted earlier in

the discussion, provide a more accurate description of the behavior of

these propellants than those presented earlier by the author (6). hiow-

ever, these more accurate equations can yield misleading outcomes.

If coarse AP fraction sizes are substituted, by rote, into these expres-

sions the outcomes in Fig. 8 and 9 can be obtained. The increase in burn

rate obtained on substituting 400-11 AP for 200-41 AP when no catalyst

is used can probably be disregarded since it is so small; but even so,

the result is unexpected. The increase cannot, however, be ignored when

a catalyst is used; it is much too large.

0.5

FINE AP d =S 3/t COARSE AP
NO Fe20 FRACTION=2 3 --- 4 09

I -- 2009J-
0.4

CL

CD O.3 1

Z0.21
( 10 15 20 25 30 35 40

GROUND AP, WT %

Figure 8. Burn Rates of 88% Solids 1ITPB Propellants Containing No Fe-03
Obtained by By-Rote Substitution in Data-Summary Equations
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L§FINE AP dvs 3/ COARSE AP FRA,"TION 4

1.5% Fe203 (5.1 M2/G I) _____
-0.9

L (L:<400/200/./

: 0.7 BLEND

0O.6
LIi
<0.5

0.41co 10" 15 20 25 30 35 40

GROUND AP, NT %

Figure 9. Burn Rates of 88% Solids 1ITPB Propellants Containing
F-2 Obtained by By-Rote Substitution in Data-
Summary Equations

The unusual response to coarse AP size inputs does not stem from

error, as can be seen from the residuals-vs-coarse AP size analysis for

the catalyzed propellanLs given in Table 8.

TABLE 8

REIDUALS AS FUNCTION OF COARSE AP FRACTION

AlP Coarse Number of Residuals that are

Fraction Size. .J Positive Zero Negative

400 12(1) o(o) 10(21)

400/200 17(15) 5(5) 3(2-)

200 30(4) l(O) 30(17)

Values in parenthesis are from analysis in Ref. 6,
which contained bias. Other values are from Ar's

f in Table A-3.
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t( Because the residuals appear to be uniformly distributed regardless of

coarse Al) size, one must look elsewhere to account for the calculated

outcomes in Fig. 8 and 9.

These outcomes arise because the coarse AP fractions used at the

several fine AP levels follow a pattern that is not part of the data-

summary equations (Ref. Fig. 10). To use these equations, the coarse

size pattern in Fig. 10 must be followed. For example, if the ground

AP levil is set at 35%, a 400-P/200-1 AP blend of dvs 3 362 p should be

used to estimate burn rate.

420
0) AND NUMBER DENOTE HTPB EXPERIMENTAL MI3ES

CONTAINING Fe203 INCLUDED IN CORRELATION ANALYSIS
: 380 V

0
7 340

46

~306

,260

U, 220 -

180

i40110 15 20 25 30 35 40

GROUND AP, WT %

Figure 10. Pattern of Coarse AP Fraction Sizes Used

in Obtaining lxperimenta.I Data that must
be Adhered to in Using Data-Summary
Equations for IITPB Propellants
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s Iulren using this coarse AP pattern as input, the burn rate-vs-AP

surface per gram of propellant data plotted in Fig. 11 are obtained.

P Note tie unexpected upward movement in burn rate when high levels of

10-p AP are used in conjunction with very coarse AP and ferric oxide

catalysts (extreme right portion of curve).

,,,1.0 I I , , II

1.5% Fe203 (5.1 M2IGM)-_ 0.9 "[ I [ [ I -

,,: ,1% Fe203 (5.1 M2/GM)

A0.8

-< V

<
,0.6

NO Fe203
".5

034

1.0 1.4 1.8 2,2 2.6 3.0 3.4 3.8 .2
AP SURFACE AREA/GM PROPELLANT, CM2 'X 10-3

Figure 11. Burn Rates of 88% Solids tITPB Propellants
Vith and Without Fe2 03 Obtained Using
Coarse All Size From Fig. ]0 as Inputs to
Data-Summary Equations

To demonstrate that this upward movement in burn rate should

actually have been expected, a propellant mix containing 35% of a dif-

ferent 10-fI AP grind, along with a 400-1/200- AP blend, dvs = 362 P,

and 1% 5.1 in 2/gm Fe 2 0 3 burn rate catalyst was prepared. This formulation

(Table 9) is unlike any propellant included in the correlation aialysis.

25/ R-11889
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ThJILE 9

COMPOSITION OF BIJJh\ hTE RATTEIIN

VE3R1FICATION NIX

wt %

ITITB Binder 12.00

A] (15 p) 10.00

&P (4,00 11) 38.22

AP (200 ji) 3.78

'U' (10 P) 35.00

FeqOs (5.1 m'/gm) 1.00

S100.00

One pound motors cast from this verification mix yielded the burn

rate data that are compared with the "unexpected-expected" behavior in

Fig. 12. Note that the experimental burn rates compare favorably with

expectation and that generally these rates are higher than calculated.

2.0 1
- CALCULATED FROM HTPB DATA-SUMMARY EQUATION

TWO STANDARD ERROR OF ESTIMATE BOUNDARIES
El LCA-9047-1 EXPERIMENTAL DATA

I- -

0.6

0.5.
400 600 800 1000 1500 2000

PRESSURE, PSIA

Figure 12. Comparison of Expected Burn Rate vs Pressure
for LCA-907-] with Experimental Burn Rates
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1~ _ The upward thrust in the r-vs-AP surface per gram of propellant

curve (Fig. 11) is apparently real. Though real, this effect of particle

spacing is still . puzzlement. In further discussions of Fe20- behaviorIin JITPB propellants only the near linear region in Fig. A1 has been con-

sidered.

EFFECTS OF Fe20- SPECIFIC SURFACE

AND FINE AP LEVEL

Figures 12, 13, and 14 show there is a distinct leveling in the

burn rate enhancement that can be achieved by using finer and finer

Fe,,O. This leveling tendency sets in more slowly as the level of

finely ground AP is increased.

- o 00.7

2 0.7

Ln

7407 40% a 3
0.6

z

< 0.5

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28

Figure 13. Effect of Ground AP Size and Level and Fe 03
SSpecific Surface on Burn Rate of 8o% 2

~Solids CTPB Propellant

18%

.5S

' -4
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, (

Fe2 03 LEVEL 176

0.7 -

2'-00

0.

i z 0.6 -

COARSE AP SIZE

.. / X'l-2701o FINE AV a 3g
CL V

c.:, 0.53
0.

10% FINE AP 3J

ca0.3- -
0 2 4 6 8 10 12 14 16 18 20 2, 24 26 28

Fe203 SPECIFIC SURFACE, M2/GM

Figure 1M. Effect of Ground AP Level and Fe 0
Specific Surface on Burn Rate of2 3

88% Solids ITPB Propellants

The ratio of burn rates, catalyzed/non-catalyzed, provides a measure

of effectiveness of Fe20,. This effectiveness is plotted against

Feo 3 specific surface in Fig. 15 and 16 and against AP surface per giam
of propellant as Fe 2 03 specific surface contours in Fig. 17. Note that

a given Fe203 at a given weight level is generally more effective at

high fine AP levels than at low fine AP levels. Note also the bottoming

out of the Fe203 contours in the HITPB case depicted in Fig. 17; this

phenomenon occurs at approximately 124 finely ground AP.
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1.4 ,
(i FINE AP dv =S 3g1 FINE AP
"I I LEVEL

0. 2% Fe203

iI 40< 1.3 - - 1000 PSIA --i --- 500 PSIA - "

1.2-J

0
C~j

0

2 4 6 8 10 12 14 16 18 20 22 24 26 28
Fe203 SPECIFIC SURFACE, M21GM

Figure 15. Effectiveness of Fe203 Catalysis as Function
of Fine AP Level and Fe203 Specific Surface
(CWPB Propellants)

1.8 - ,FIEA 9FINE AP LEVEL
FINE AP :3/

-- 1 27%
1% Fe203

>) 1.7 PRESSURE: 1000 PSIA

1.6

, -- - -l 0 7 o

0N

-i -
U-

2 4 6 80 12 14 16 18 20 22 24 26 28 30
Fe203 SPECIFIC SURFACE, M2/GM

Figure 16. Effectiveness of FeoO- Catalysis as Function
of Fine AP Level an 1Ieo03 Specific Surface
(1TPB Propel lants)
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1.7
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< 1.6

z,-5 M21GM

'1.5
LU

" 1.4 \

" 1 000 1400 1800 2200 2600 3000 3400

' !; AP SURFACE/GMV PROPELLANT, CM2

;_Figure 17. Fe903 Specific Surface Effectiveness Contours
( at 1000 psia (IITPB Propellants)

:.Figures 18, 19, and 20 show that Fe20 3 enhancement of burn rate is

. not only a function of fine AP level but also of pressure. The enhance-

merit may be nearly constant over a wide pressure range or it may increase

)' gradually with pressure. This latter tendency is more general than the

Sformer. Note that, in general, as the specific surface of the Fe90-

C'..

Scatalyst is increased its effectiveness is not only enhanced but also

Sthis effectiveness is more susceptible to pressure variations. These
pressure dependencies probably arise because chemical reactions pro-

mted by adsorption on heterogeneous catalyst are dependent on extent

~of catalytic surface and partial pressure of the reacting components.
FThe variations in catalytic effectiveness with pressure are reflected

Fiby burn ra1e and pressure exponent, as shown by the data in Table i0.

oThese effects of Fei0 n catalysis are also depicted in Fig. 21, 22, and

f2o. Generally, and collectively, effects show that an increase in burn

rate is coupled with an increase in pressure exponent.

thiseffctienes ismor sucepibleto resurevaritios. hes
presuredepndeniespro~abl arse ecaue cemial ractonApro

moted ~ ~ ~~ 30 byasrtino-etrgnou4aays8r8epnetonetn
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Figure 18. Fe2 03 Effectiveness as Function of Pressure
(CTPB Propelilants)
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Figure 19. Fe20- Effectiveness as Function of Pressure
(IITP Propellants)
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Figure 20. Fe9O- Effectiveness as Function of Pressure
(ITP Propel lants)

TABLE 10

FEtRIC OXIDE SURFACE ARFA EFFECT ON

BUIhN RATE AND PRESSURE EXP0NINT

Burn Rate at Pressure
Fe203 Fe203 Specific 1000 psia and 77 F, Exponent
Lev 0 ':  Surface, in2/gm in./sec (n)

0 0 0.405 0.361

1 3.9 0.611 0.398

1 8. h 0.686 0.1140

1 26.4 0.731 0.473

lITPI Propellant: 88% Solids; Fe2 0 replaced coarse AP
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0. 3
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Figure 21. Effect of Fc9O 3 Specific Surface on Burn Rate

and Pressure Exponent (HTPB Propellants)

0.7 1 1 T

Uuj0.6 n =__________ 0. 488
0.271 Fe2O3 (26.4 M2 IGM)

050.2% Fe2O3 (5.1 M/GMA)_ n =0. 465
U-

n = 0. 399

U-i

< 0.4
z

NO Fe2O3

I0. 2% Fe2O3 REPLACED 0.2% 200/9 AP
0.3 1 1___ 1_ _ 1__ 1

400 600 800 1000 1500 2000
PRESSURE, PSIA

Figure 22. Effect of Fe2O3 Specific Surface on Burn Rate
and Pressure Exponent (CTPB Propiellants)
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Figure 23. Effect of Fe203 on Burn Rate
and Pressure Exponent

This correlation effort has not proven categorically that an Fe203

surface is involved in catalysis; it has however, demonstrated an

association between the specific surface of the Fe203 incorporated in

a propellant and its effectiveness as a burn rate catalyst. Although

the association is valid only over the range of the independent variable

inputs, it does provide the quantitative behavior patterns needed for

deriving kinetic parameters to describe the role of Fe2 0 3 catalysts in

propellant burni ng.
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QUALITATIVE CONSIDERATIONS FOR

COMBUSTION MODELLING

The strong association between Fe 0O3 specific surface and catalytic

effectiveness indicates that one of the kinetic models used to describe

heterogeneous catalysis of chemical reactions may also describe tile ex-

periwental data. AP-binder sandwich studies (3) have shown that ferric

oxides play their catalytic role at the AP-binder interface. In the

competing-flame combustion model, this is the primary flame where dif-

fusion followed by chemical reaction takes place. Thus, any new kinetic

expression should be inserted here.

Reaction rate equations ordinarily used to describe experimental

data generally fall into two classes (7):

1. lomogeneous Description

v = lpa P b

2. Heterogeneous Description

k K 1 P1

Ti K l - ] I I;,2P 2 ) (one example)

where:

v - Reaction rate

P - Partial pressure of reactants

a and b - Reaction order constants

K - Adsorption constants for active catalytic sites

k - Rate constant
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A power function equation is currently used to describe reactions

in the primary flame. Although catalyzed reactions can be described in

this manner, equations like No. 2 above are preferred when heterogeneous

catalysis is involved. In either case, the constants in these equations

are considered empirical constants that can be obtained by repeated trial

fits to the experimental data.

In the case of heterogeneous catalysis, several kinetic models are

available for describing the reaction. Choice of model depends on

probable mechanism and choice of mechanism depends on the reaction rate-

vs-pressure behavior pattern. The end result of this mechanical choice

process is a kinetic model most liekly to mate mathematics and experi-

mental data.

If it is assumed that the chemical processes in the AP-binder inter-

facial flame are second order, there are several likely kinetic expres-

sions depending on probable mechanism from which to choose. These ex-

pressions are as follows (7):

1. Reaction between two adsorbed molecules
(Langmuir-Ilinshelwood Mechanism)

k 11KP1 2  2
V = (l + KJPJ + K0P2

2. Reaction between two molecules adsorbed on two different
surface sites (no mutual displacement)

k K1C212
V (1 4 K P1 )( + K P2 )

3. Reaction between a gas molecule and an adsorbed molecule
(Langmuir-Rddeal Mechanism)

k K1 P P2
v T _+K IP31 + I'P 2
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If thie following arbitrary values are used in the expressions, the

log-Iog plots in Fig. 24 are the results:

P, P,) Total Pressure/2

K 1= 0.5

K, = 0. 4

Figure 25 is a similar log-log plot of a power function expression such

as is now used in the competing-flame model. Note that the power func-

ti-n expression and the gas molecule reacting with an adsorbed molecule

mechanism both yield reaction rate-vs-pressure behavior patterns re-

semnbling propellant burn rate-vs-pressure patterns.

INO MUTUAL DISPLACEMENT
JC

<

TOTAL PRESSURE -

Figure 24. Reaction Patterns of Bimolecular Reactionj
Catalyzed by Solid Surfaces
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Figure 25. Ileaction Pattern of Bimolecular
Gas Phase Reaction

These qualitative considerations indicate that either the power

function expression with some modification or a Langmuir-Tideal

M'echanism should provide a reasonable kinetic expression for inserting

Fe20.3 catalysis into the multiple-flame combustion model. The latter

appears to have more parameters for mating the model to the experimental

data. This is not necessarily the case, however. If the l91 products

are very small the Langmuir-]lideal mechanism becomes

V - k K IK )P 2

a power function expression where the rate constant for the non-catalyzed

case is replaced by a product of rate constant and adsorption constants.
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In this power function form, the rate constant k as used now to de-

scribe kinetics in the primary flame becomes a product of a new rate

constant and two adsorption coefficients. From these calculations an

apparent increase in rate constant emerges when Fe20, is used as cat-

alyst. And this increase in rate constant should be reflected as an up-

ward shift in a log-log r-vs-P plot very much like tle upward shifts de-

picted in Fig. 21, 22, and 23.

le question naturally arises: How large must the increase in pri-

mary flame reaction rate constant be in order to account for the in-

creases in burn rate attainable from Fe 0 catalysis? To answer thiq23

question, the parameters listed in AFOSR-TR-74-0985 (2) were put into

the multiple-flame combustion model. A primary flame rate constant of

30 (standard value) and this same rate constant increased by 2 and 3

orders of magnitude yielded the data plotted in Fig. 26. A thousand-

fold increase in rate constant yielded only a modest increase in burn

rate. This increase in rate is not nearly as large as can be obtained

by Fe,03 catalysis--Ref, for example, Fig. 23.

0.5 , , , , -
PRIMARY FLAME RATE CONSTANT VALUE

K 30 (STANDARD VALUE)
0. 4-A 3000 -

( 30, 000

.0.3
I.-

z *

0. 2
400 600 800 1000 1500 2000

PRESSURE, PSIA

Figure 26. Burn Rates Calculated from Multiple-Flame Combustion
Model Using Parameter Inputs from Ref. 2 with
Primary Flame Rate Constants Varied
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Th1is much upward shift in the log-logr r-vs-P plot in Fig. 2 can

be effected by only a small change in the average flame height factor

(the "adjustment" factor used to position the flame, nearer or farther

from the burning surface so combustion model predictions match experi-

mental outcomes). Figure 27 shows the effect of a decrease in this fac-

tor from the standard value, 0.5, to 0.3, a value that moves the flame

front nearer the burning surface.

PRIMARY FLAME RATE CONSTANT VALUE 30

VALUE OF FLAME HEIGHT FACTOR

0.4 80.5 (STANDARD VALUE)-
03.3

I-
La0. 3 ).-"

<i

00 600 800 1000 1500 2000

PRESSURE, PSIA

Figure 27. Burn Rates Ca]culated frn ,u] ltiple-Flame Combustion
Mode] Using Parameter Inputs from ]Ref. 2 with
Average Elame height Factors Varied

Apparently. increases in burn rate large enough to account for

Fe203 catalysis by a several-fold increase in the primary flame reaction

rate constant cannot be obtained from the multiple-flame combustion

model, Therefore, some restructitring of the model will be required.
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FINAL STATUS AND RECOMMI DTIONS

FOR FURTIIER STUDY

Correlation analyses of burn rate data obtained from 88% solids

loaded IITPB propellants and 86% solids loaded CTPB propellants have

yielded quantitative relationships between Fe2 0 level and specific

surface and AiP particle size distributions. Within the bounds of the

independent variable inputs used to deduce these relationships, inter-

polated results are within + 15% of experimental results. And from

these relationships the quantitative effects of variation in Fe2O3

specific surface at two Fe203 levels have been depicted. Initial efforts

to use these correlations to extend the multiple-flame combustion model

to include Fe2 03 catalysis indicate some restructuring of this model

will be required. Efforts to utilize the background information gen-

erated to date should continue.

Since the work reported herein is limited to only one type of

catalyst, the red iron oxides, additional experimental work coupled with

a correlation analysis is needed to cover the entire spectrum of iron

oxide catalysts and to obtain a similar insight into the use of copper

chromite catalysis. Such effort should provide answers to the following:

1. Do other iron oxides, e.g., hydrated yellow oxides,
exhibit a similar surface area catalytic effectiveness
correlation? If so, when the specific surface is fixed,
is the catalytic activity of the several iron oxides
associated with iron content?

2. Do the copper chromites exhibit a surface area catalytic
effectiveness correlation? Is tnei, effectiveness
associated more with chromium level than copper level
or vice versa?

Some consideration should also be given to temperature effects.

The results reported herein indicate that increasing the specific sur-

face of Fe2O0 at a fixed level not only results in an increased burn

S-9
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rate but also in an increased pressure exponent. Is this effect of Fe20,

specific surface on n reflected by TTk or is there a compensating effect

on a ? To provide an answer to this question and to others prompted by

it, experimental data must be obLained at several temperatures.

The effect of Al) particle spacing encountered in the IrTPB propellant
case, i)ot considered in depth in studies thus far, has also been en-

countered in slightly altered form at very low burn rates, as is shown

in Fig. 28. Both sets of data indicate AP particle spacing plays a role

in burning (Neither set stems from scientifically planned experimenta-

tion). The possibili ty that spacing has a significant role in burning

should be evaluated experimentally. If it is significant only when

forinulations contain very coarse AP, the AP size distributions that
lead to AP particle spacing effects should be established.

0.36
LU V EXPERIMENTAL MOTOR BURN RATES AT 1000 PSIA 200

S0.34- AND 77 F 7--11I
- BOXES CONTAIN AP PARTICLE SIZES (/1)

0.32 -USED IN FORMULATIONS
200

-HOERL'S SPECIAL FUNCTION FIT TO DAA 7--li
0.30

0.28

I -o0.22 I 7-o1

0020
0 500 1000 1500 2000 2500 3000

AP SPECIFIC SURFACE, CM2/GM

Figure 28. Effect of Particle Size Distribution on Burn Rate

Finally, the additional background on the iron oxides and the new

background on the copper chromites should be used to extend the competing-

flame model to the more general case of heterogeneous catalysis.
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There are four errors in this paper: In Tables A-1 and A-2, LCA-8911Y-2,

LCA-8911-1, LCA-8911X-3 and LCA-8911Z-4 are listed as containing blends
of 200-1 and 10-41 AP particles; this should read blends of 400- and
10-p AP particles.
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APPIMDX A

COMPARISON OF BURN IATES CALCULATED FROM REGRESSION

ANALYSIS WITH TIlE EXPERIMENTAL VALUES

In the tables that follow Ar is defined as follows:

Calculated r - Observed r
Observed r

TABLE A-I

COMPARISON OF CALCULATED AND EXPERIENMETAL BURN RATES

OF NON-CATALYZED IITPB PROPELLANTS

(Regression Analysis Index of Determination = 0.997)

(Mean /r 3 3.033723; 0 (est) = 0.0,511)

Pressure, IBurn Hate at 77 F, in./see
Formulation psia I hxperimental Calculated ___

LCA-8907-1 1681 0.1,91 0.180 -2.63
AP Specific Surface 728 0.352 0.30,5 35.69

4030 cm2it m 740 0.364 0.307 +0.82
Blend of 200-11 and 702 0.359 0.360 -0.27
10-1 AP Particles 611 0.31,6 0.348 40.58

427 0.302 0.297 -1.66
'a01, 0.296 0.291 -1.69
343 0.271 0. 274 ,1.01

LCA-8910-1 345 0.208 0.205
All Speci fic Surface 376 0.20) 0.212 1. 44

1503 cm2igm 1175 0.3528 0.324 -1.22
Blend of 400-L-, 200-4 821 0.290 0.286 -1.38
and 10-L AP Particles 605 0.254 0.255 "0.39

465 0.231 0.231 0.00
1767 0.366 0.367 #0.27
2222 0.380 0.391 -2.89

LCA-8926C-2 1108 0.387 0.-)90 0.90
AP Specific Surface 844 0.300 0.359 -0.28

-2690 cm2 /gm 656 0.3311 0.31 -0.90
Blend of 200-I and 601 0.325 0.322 -0.92
10-4 AP Particles 55j 0.314 0.315 ,0.32

381 0.284 0.285 .0.35
1537 0.431 0.429 -1.15
1700 0.447 0.1,40 -1.57

L(I-8911Y-2* 1034 0.4159 0.4158 -0.22
All Speci fic Surface 910 0.432 0.1,38 # .1.-9
= 5257 cm2 /gm 860 0.433 0.42') -0.92
Blend of 400_ and 686 0.390 0.392 40.51
10-1 APl Particles 686 0.395 0.392 -0.76

Some instability encountered at high ,.-essures--abo, e 10311 psia
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TABLE A-2

COMPARISON OF CALCULATED AND EXPERIMNTAL BURN RATES

OF NON-CATALYZED CTPB PROPELLANTS

(Regression Analysis Index of Determination = 0.998)

(Mean 1/r = 2.579003; a (est) = 0.0353)

Pressure, Burn Rate at 77 F, in./sec
Formulation psia Experimental I Calculated tr. ,

LCA-8972-1 694 0.346 0.3118 -0.58
AP Specific Surface 1236 0.438 0.440 +0.116
- 2394a c 2 /gm 431 0.291 0.290 -0.3h
Blend of 200-4L and 7-11-" 484 0.30b 0.302 -1.31
AP Particles 805 0.365 0.370 -. 37

1134 0.423 0.425 -0.47
2b4 0.232 0.232 0.00

LCA-896b-1 438 0.322 0.323 *0.31
All Specif'c Surface 724 0.388 0.393 41.29

3200 cm-/gm 583 0.359 0.359 0.00
Blend of 200-- and 7-11-U 550 0.356 0.351 -1.40
AP Particles 1507 0.51,8 0.539 - 1.61

1195 0.485 0.488 -0.02
958 0.438 0.444 '1.37
678 0.384' 0.382 -0.52

LCA-8956-1 829 0.1199 0.486 -2.61
AP Speci fic Surface 2041 0.764 0.739 -3.27
= 5599 cm/gm 561 0.1,04 0.399 -1.24
Blend of 200-4 and 10-4 743 0.464 0.461 -0.65
AP Particles 680 0.45 0.4413 -0.45

1428 0.607 0.630 -3.79
856 0.485 0.493 .1.65
u70 0.372 0.379 +1.88

LO\-8976-1 1882 0.455 0.453 -0.111,
AP Specific Surface 2255 0.470 0.177 .1.1,9
- 1515 cM2/gm 390 0.241 0.241 0.00

Blend of 200-4 and 7-11-4 731 0.333 0.335 .0.60
Al' I'articles 667 0.321 0.324 -0.93

1133 0.391 0.389 -0.51
1523 0.4137 0.426 -2.52
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TABLE A-3

COMPARISON OF CALCULATED AND EXPERIMENTAL BTRN RATES

OF Fe2 0 3-CATALYZED HTPB PROPELLANTS

(Regression Analysis Index of Determination = 0.994)

(Mean 1/r = 1.886515; 9 (est) = 0.0562)

Pressure, Burn Rate at 7 F. in./sec
Formulation s Experimental Calculated r

LCA-8926X-3 1065 0.601 0.611 -..66
1. 2 Fe0 ; 10 m/gm 1287 0.646 o.657 -1.70

3 1736 0.742 0.734 -1.08
2. AP Specific Surface 538 0.463 0.460 -0.65

= 2756 cm2/gm 621 0.492 0.490 -0.41
Blend of 200-L and 958 0.581 0.586 -0.86
10-9 AP Particles 181 0.756 0.750 -0.79

359 0.390 0.378 -3.08

LCA-8926-1 1034 0.533 0.551 -3.38
1. 2% Fe 03; 3 in/-m 340 0.352 0.344 -2.27

493 0.408 0.1,10 40.49

2. All Specific Surface 563 0.428 0.434 -1.40
= 2756 cm-/gm 828 0.497 0.507 +2.01
Blend of 200-;. and 929 0.515 0.530 -2.91
10-tI AP Particles 1374 0.588 0.611 43.91

1773 0.661 0.668 -1.06

LCA-8911-1 1208 1.072 1.026 -4.29
1. 0.8 v Fe03; 8.4 m1 /m 819 0.922 0.886 -3.90

3 2689 1.470 1.312 -10.75
2. Al' Specific Surface 1868 1.247 1.186 -4.89

5311 cm-/gm 1414 1.123 1.081 -3.74
Blend of 400-u and 1177 1.053 1.017 -3.42
10-L AP Particles

L.CA-8911Z-, ,1 1860 1.139 1.182 .3.78
1. 2z Ft.3; 3 m-/,rn 1294i 1.032 1.057 42.42- 3 1127 0.989 1.010 -2.12

2. Al Specific Surface 783 0.873 0.877 -0.46b
3393 cm/m "532 0.718 0.721 -0.42

Blend of 400-1. and 10.41 1290 1.037 1.056 41.83
AP Particles " 1012 0.973 0.972 -0.10

4,6 0.672 0.6143 -4.32
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__ TABLE A-3

(Continued)

Pressure, Burn Rate at 77 F. in./sec
Formulation psia Experimental Calculated £, r%

LCA-8911X-3 1784 1.087 1.062 -2.30
1. 0.4% Fe203; 9.4 .2gm 1141 0.911 0.924 -r-.43

990 0.810 0.880 +8.64
2. AP Specifhc Surface 655 0.716 0.741 -3.49

= 5284 cm/gm 403 0.546 0.556 +1.83

Blend of 400-4 and 10-9 2012 1.135 1.100 -3.08
AP Particles 1344 0.964 0.975 1.14

1106 0.881 0.915 +3.86

LCA-8904X-2 1393 0.696 0.784 -12.64
1. 0.5 c Fe0O3; 26.4 m-igm 2104 0.855 0.915 + 7.02

- 1360 0.701 0.777 +10.84
2. AP Specific Surface 982 0.622 0.683 '9.81

= 3985 cm2i, 723 0.551 0.601 +9.07
Blend of 200-P and 10-1 399 0.418 0.453 +8.37
AP Particles 241 0.318 0.334 +5.03

LCA-8904Y-3 803 0.611 o.617 +0.98
1. 0.5 % Fe)0.; 3.9 m/gAm 472 0.479 0.486 +1.46

1) - '/gm 1133 0.715 0.709 -0.8.
2. 1 Fe 0 3 51 1031 0.682 o,683 +0.15

3.601 0.552 0.544 -145
3 010 cISrgm 346 0.423 0.113 -2.36

- Blend of 200-1 and 10- 158 0.791 0.797 +.076
APPrice,008 o.896 0.879 -1.90

AP Particles

LCA-8908X-2 1365 0.480 0.479 -0.21
1. 1% Fe2,0; 5.1 m2/gm 2130 0.551 0.550 -0.18

~ 122. 0.464 0.463 -0.22
2. AP Specific Surface 1310 0.470 0.173 -0.6Z4

1520 cm2/gm 1036 0.411 0.439 -0.415
803 0.4105 0.403 -0.49

Blend of 400-t-, 200-P 714 0.385 0.386 -0.26
and 10-11 AP Particles 544 0.349 0.3149 0.00

LCA-8906X-2 1685 0.857 0.812 -5.25
1. 1% Fe20,; 9.2 m2/'m 1374 0.786 0.753 -4.20

1242 0.752 0.725 -3.59
2. AP Specific Surface 801 0.635 0.609 -4.09

= 3985 cm2/gm 685 0.600 0.570 -5.00
Blend of 200-4 and 10-P 2148 0.962 0.888 -7.69
AP Particles 953 0.682 0.654 1 -4.11
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TABLE A-3

(Continued)

Pressure, Burn Rate at F. in.iaec
Formulation psia _kperimental Calculated L r.

LCA-8909Y-3 2, 493 0.329 0.334 -1.52
1. 1.5'1 Fe,0.; 3 m /.,,m 747 0.390 0.390 0.00

- 859 0.413 0.409 -0.97
2. AP Specife Surface 982 0.436 0.428 -1.83

1530 cm-'gm 1323 0.472 0.471 -0.21
Blend of 400-4, 200-- 1892 0.531 0.526 -0.94
and 10-t All Particles 460 0.325 0.324 -0.31

LCA-8908-1 1979 0.5b64 0.553 -1.95
1. 1.5 Fe.203; 5.1 re-gm 851 0.424 0.421 -0.71

2 1353 0.490 0.490 0.00
2. AP Specific Surface 1077 0.168 0.456 -2.56

= 1330 cw'ign 400 0.313 0.316 +0.96
Blend of 400-\-, 200- 723 0.402 0.397 -1.24
and 10-1, AP Par ticles 594, 0.373 0.370 -0.80

306 0.276 0.275 -0.36

LCA-8908Y-3 531 0.356 0.357 -0.28

1. 1% Fe,03; 9.4 m /gm 781 0.413 0.413 0.00
2 875 0.429 0.430 +0.23

2. Al' Specific Surface 1963 0.552 0.559 .1.27
1520 cm/m 1379 0.4t95 0.500 -1.00

Blend of 400--. 200-" 108') 0.459 0.463 +0.87
and 10-- AP Particles

LCA-8909-1 1855 0.531, 0.532 -0.37
1. 1.5" Fe2 03; 3.9 i-, m 827 0.412 0.410 -0.49

1338 0.485 0.480 -1.03
2. APl Specific Surface 1(50 o.44b 0.444 -0.I45

1530 em2, gnm 385 0.303 0.304 -0.33
Blend of 400-1., 200-.. 292 0.270 0.265 -1.85
and 10- AP Particles 5609 0.358 0.358 0.00

727 0.414 0.392 -5.31

IoCA-8909X-2 583 . '299 0.303 1. 34
1. 1.5% Fe2)0,; 3.7 m'/gn 328 0.341 0.347 -1.76

782 0.393 0.401 -2.04

2. AP Speciflic Surface 985 0.430 0.434 -0.93
- 1530 cm,'ip 1229 0.462 0.466 -0.88
Blend of I400.L, 200-- 1810 0.527 0.526 -0.19
and 10-I . l' Particle., 647 0.303 0.375 .3.31

320 0.274 0.277 -1.09
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(Continued)

Pressure, Burn Rate at 77 F. in./sec
Formulation psia Experimental Calculated r,

LCA-8904-1 1906 0.938 0.948 -1.07
1. 1 Fe.,03.; "6.4 m2/gn 921 0.698 0.707 -1.29

1321 0.828 0.820 -0.90
2. AP Specific Surface 1228 0.814 0.796 -2.21

= 3985 cm2/gm 663 0.608 0.611 +0.129
Blend of 200-U and l0-;' 508 0.534 0.538 +0.75
AP Particles 436 0.479 0.497 -3.76

307 0.424 0.407 -4.01

LCA-8906-1 1649 0.847 0.799 -5.67
1. 1% Fe 03; 8.4 m-/gm 493 0.508 0.488 -3.94

876 0.640 0.627 -2.03

2. AP Specific Surface 294 0.394 0.370 -6.09
= 3985 cmi2/gm 1426 0.783 0.757 -3.32
Blend of 200-U and 10-U 956 0.681 0.649 -4.70
AP Particles 607 0.550 0.537 -2.36

LCA-8905-1 14,93 0.714 0.714 0.00
1. 1% Fe2,0 3; 3.9 m-/gm 704 0.543 0.538 -0.92

-J394 0.1110 0.403 -0.73
2. Al' Specific Surface 1006 0.737 0.742 -0.68

- 3985 em-2/gm 1181 0.6119 0.656 -1.08
Blend of 200-a and 10-. 827 0.572 0.574 -0.35
AP Particles 796 0.567 0.565 -(.35

495 0.463 0.461 -0.43
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TABLE A-4

COMPARISON OF CALCULATED AND EXPERIMENTAL BURN RATES

OF Fe20-CATALYZED CTPB PROPELLANTS

(Regression Analysis Index of Determination = 0.992)

(Mean I/r = 2.114487; a (est) = 0.0704)

Pressure, Burn Rate at 77 F, in./sec
Formulation psia Experimental Calculated I, r

LCA-8933-2 1617 0.611 0.6P. +2.13
1. 1% Fe20 - 5.1 m2gm 1510 0.595 0.004 +1.51

23V 1213 0.53* 0.544* -1.87
2. All Specific Surface 1087 0.504 0.517 12.51

2422 cm2 /gm 87 0.53 0.46o -1.55
Blend of 200-L and 856 0.153 0.60 -1.55
7-11-IL AP Particles 620 0.396 0.393 -0.76

LCA-8934-1 839 0.519 0.504 -2.89
1. 1% Fe203; 9." m2/gm 1532 0.678 0.676 -0.29

1388 0.634 0.644 -1.582. AP Specific Surface 1108 0.576 0.578 0-35
z 2787 cr-/ gm )097
Blend of 200-" and 0 0.778 0.785 +0.90
7-11-" AP Particles 1296 0.613 0.623 +1.63

LCA-8935-1 2114* 0.824 0.790 -4 . 13
1. 1% 1e.,0.; 5.1 m2, ,'m 1721 0.747 0.720 -3.61

- 1653 0.739 0.707 -4.33
2. All Specific Surface 1510 0.723 0.684 -5.39

31206 .640 o.612 -33 38
Blend of 2UU-i. and 1208 0.590 0.563 -4.58
7-11-. Al Particles

LCA-8936-1 1909 0.857 0.8446 -1.52
1. 1, 1e0,5; 9.2 m",-m 1787 0.836 0.820 -1.91

3, 12-))2 0.707 0.710 * 0. 422. AP Specific Surface 113' 0.673 0.671 -0.30
x 7634 cm2 /gm
Blend 200-' and 777 0.575 0.564 -1.91

7-11-" Al' Particles 827 0.583 0.580 -0.51

LCA-8954-1 797 0.703 0.666 -5.26
1. 15 Fe,,03; 9.2 m2/gm 1074 0.802 0.771 -- "7

- 1098 0.803 0.779
2. Al' Specific Surface 136 0.920 0.916- 5591) cm2/gm 13 .2 .1 04

B 9end of 200-!; and 394 0.484 0.461 ..4.75
10-B'd ol Pr nies 1575 0.938 0.927 -1.17

428 0.501, 0.482 -4.37

836 0.737 0.682 -7.46

136,1 0.875 0.864 -1.26
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TABLE A-4

(Continued)

Pressure, Burn Rate at / F. in./sec
Formulation psia Experimental Calculated A r%

LCA-8955-1 683 0.580 0.589 -1.55
1. 1 Fe 0 5O; 5.1 M2/,m 1079 0.703 0.734 -4.41

2. AP Specific Surface b37 0.555 0.569 -2.52
--5599 Cm 2~ n 1151 0.757 0.721 4t499
end of 20 n1- 1200 0.772 0.727 +6.19

Blend of 20-4k and 10-4
AP Particles 1560 0.873 0.827 -5.56198b 0.976 0.946 +3.17

325 0.399 0.388 2.84

lcA-897-1 395 0.3140 0.346 -1.76
1. 0.11 Fe03; 26.4 m-w'gm 479 0.362 0.381 5.25

2 3 025 0.4101 0.433 "7.982. .AP Speci fic Surface 21O.. . 16
319b cr 2 /grn 0.242 0.246 1.65

Blend o1l,200-4 and 993 0.498 0.537 +7.83
7-11-;- All o lartiles 1946 0.695 0.725 +4.32

684, 0.422 0.452 -7.11

LC,\-8968-1 1795 0.6417 0.605 -6.49
1. 0.1,; Fe 00; 5.1 m2I,gm 393 0.329 0.309 -6.08
2. AP Specific 8urface 1015 0.489 0.476 -2.60

31% cm2/m 600 G.393 0.377 -4.07

Blend of 200-- and b58 0.406 0.393 -3.20

7-11- All Particles 963 0.476 0.465 -2.31
524 0.373 0.354 -5.09

LCA-89b9-1 7357 0.1,84, 0.1195 #-2.27
1. 0.21 Fe20, Jo mgw 340 0.419 0.0430 -2.63

2. All Speci fic Surface 458 0.392 0.398 -1.53
-559 cz2/gtn 2Ml 0.292 0.294 -0.68

Blen|d of 200-" and 7-11- 227 0.827 0.797 -3.63
AP particles 822 0.501, 0.519 '2.98

1177 0.596 0.605 -151

LCA-8909X-2 777 0.4195 0.500 -1.01
1. 0.') Fe 0 8.4 n2 /grn 202 0.205 0.263 -0.73375 0.1,39 0.437 -0.46
2 Al Specific Surface 238') 0.84 0.799 -3.03

1 355) cm2 -- ,'m 1219 0.620 0.605 -2.42
B8lend of 2001 and 7-11-- 85) 0.518 0.522 +0.77
All Particle;s 480 0.110i 0.402 -0.50
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TABLE A-It

(Con tinued)

Pressure, Burn Rtate at 7 F, in.isec
Formulation psla Experimental Calculated _L r

LCA-8970-1 643 0.412 0.404 -1.94
1. 0.0% FeO; 9. m,/gIm 780 0.443 0.444 -0.23
2. A Spcfic Surface1018 0.497 0.506 -1.81

2. 240 cSf/gm 390 0.332 0.311 -5.42

Blend of 200-, and 7-11-1 531 0.376 0.367 -2.39
Ar Particles 2210 0.726 0.731 +0.09

1068 0.509 0.518 -1.77

LCA-8981-1" 521 0.427 0.434 -1.64
1. 0.6' Fe2 03 3 m- gIM 795 0.520 0.530 -1.92

180 0.247 0.248 -0.402. AP Secific Surfa56c 0.451 0.451 0.00
- 47T15 ci-'gn "

Blend of 200-- and 10-"- 1212 0.637 0.647 -1.57
.1' Particles 107 0.544i 0.563 -3.49

LCA-8971-1 371 0.296 0.296 0.00
1. 0.3, Fe 203 ; 3.7 m2,/g 433 0.320 0.319 -0.31

2. AP Specific Surface 548 0.346 0.358 -3.47
.- 2821 cm2/g 884 0.430 0.448 -4.19

Blend of 200--1 and 7-11-L 868 0.627 0.44 3.98
AlP Particles 1707 0.594 0.601 1.18

587 0.360 0.369 '2.50

LCA-8973-1 2 137 0.,98 0.476 -4.42
1. 0.1 Fe;,0..; 5.1 m, am 760 0.368 0.360 -2.17

2.A' -481) 0.300 0.295 -1.67
2. AP Speci fie Surface 39 0.285 0.283 -0.70

- 1520 cm2,.0.7
Blend of 20-. an 7-1.1-. 323 0.249 0.250 -0.40

Al Partieles 185(0 0.541 0.524 -. 14

1.0-89)77-1 1 0.288 0.296 -2.78
1. 0. I'I Fe.,O_; 20. m2 , Im 5( 0.30?1 0.313 -2.'b

- 738 0.361 0.369 -" '
2. All Specific SurfaceS1365 0. 466 0. 482 "3.5

1317 cm-,4 n '*47 0.290 0.296 ,2.07
Illend of 200-1. and 7-11- -  1791 0.517 0.542 41.81
AP Parvle; I 5 0 1 1

• A coars,, IU--, of 9300 'un w. use in this mix.

A-9/ R-4889



Rok e trabonal

TABLE A-li

(Continued)

Pressure, Burn Rate at 77 F, in./sec
Formulation psia. Experimental Calculated A r,

LCA-8978-1 )67 0.366 0.360 -1.6 ,
1. 1% Fe.)0 9.t m-!gm 642 0.389 0.381 -2.0b

- 897 0.148 0.443 -1.12
2. AP Specific Surface 1591 0.571 0.571 0.00

1532 cm2/gm 331 0.288 0.285 -1.04
Blend of 200-a and 867 0.4,10 0.136 -1.13
7-11-4 All Particles 1879 0.621 0.6114 -1.13

A- R-I

* A-]O0/ R-li889


